INTRODUCTION
With t h e launch of t h e TIROS (1961 -1965) and ESSA (1966 ESSA ( -1969 series of s a t e l l i t e s , i n t e r e s t arose i n t r y i n g t o determine cloud amount and cloud type (low, middle, high) from s a t e l l i t e data i n an o b j e c t i v e manner (Conover, 1962 (Conover, , 1963 Leese, 1964 ; M i 11 e r e t a1 . , 1970) . A f t e r the launch of meteorological s a t e l l i t e s such as Nimbus 2 and 3 c a r r y i n g re1 i a b l e i n f r a r e d radiometers, mu1 t i -s p e c t r a l techniques were developed t o match data from d i f f e r e n t s a t e l l i t e sensors viewing the same cloud f i e l d s (Vonder Haar, 1970; Shenk and Holub, 1972) . Beginning w i t h ITOS-1
(1 970) simultaneous high r e s o l u t i o n v i s i b l e and i n f r a r e d data points from s a t e l l i t e s were matched p r e c i s e l y i n both space and time. Study o f these combined data sets showed them t o contain much more information than when both data channels were considered separately (Booth, 1973) .
Figure 1 i s an example o f t h e simultaneous v i s i b l e and I R data r e -
ceived from t h e scanning radiometer (SR) onboard the NOAA-2 spacecraft.
As can be seen, t h e most s t r i k i n g d i f f e r e n c e between t h e two p i c t u r e s i s the cloudiness on t h e v i s i b l e p i c t u r e i n southeast Colorado which d i sappears f o r t h e most p a r t on t h e i n f r a r e d p i c t u r e o f t h i s area. I n t h i s case the clouds are b r i g h t and warm s i g n i f y i n g t h e presence o f low clouds, i.e., stratus. The clouds i n t h e northern p o r t i o n o f Colorado show up b r i g h t i n the v i s i b l e and white (cold) i n the I R s i g n i f y i n g f a i r l y deep, high clouds. The clouds over Washington, Oregon and Northern C a l i f o r n i a appear very t h i n and gray on t h e v i s i b l e image w h i l e on the i n f r a r e d view these clouds cover a much l a r g e r area and are white (cold); thus probably i n d i c a t i n g c i r r u s .
The bi-spectral technique o f the present paper goes a step f u r t h e r than q u a l i t a t i v e comparison o f these combined data sets by analyzing both t h e v i s i b l e and i n f r a r e d data received a t a s i n g l e measurement p o i n t o r Figure 1 . Hard copy p r i n t from the visible ( l e f t ) and IR ( r i g h t ) channel of the Scanning Radiometer onboard NOAA-2 which is received directly a t Colorado State Univers i t y ' s APT station. b) t h a t clouds i n view have a l l tops a t nearly the same l e v e l (i.e., i 5 0 0 m)
Equations (1) and (2) may be joined by the r e l a t i o n imp1 i e d above:
and the s e t solved f o r the two desired unknowns:
(where NCLD y i e l d s Teff o f clouds, from Planck's Law).
provided we assume "a p r i o r i " knowledge o f :
= the albedo o f the cloudfree region (i.e., .10 f o r ocean, .20 f o r land, both include atmospheric term) a~~~ = the albedo o f the cloud (i.e., 0.50) and NCLR = the i n f r a r e d radiance from the cloud-free surface (i.e., NCLR = F(TS))
All of this "a priori" information can be acquired i n practice from the actual array of s a t e l l i t e measurements, using suitable methods such as "minimum a1 bedo" (Vonder Haar et. a1 . , 1973) ; "clear column radiance" (Smith, 1974) , etc. A complete description of these methods i s beyond the scope of this paper. However, an uncertainty analysis to t e s t the effect of these assumptions used in the bi-spectral method will be included in the next section.
The solutions for ( I ) , ( 2 ) and ( Differentiating Equation ( 4 ) imp1 ici tly:
(continued next page)
This shows t h a t t h e u n c e r t a i n t y i n cloud amount (nACLD) depends on t h e magnitude and u n c e r t i a n t y o f t h e i n c i d e n t s o l a r i r r a d i a n c e on t h e cloud, HS; t h e r e f l e c t e d s o l a r radiance measured a t t h e s a t e l l i t e , MS; and t h e assumed b i -d i r e c t i o n a l r e f l e c t a n c e o f t h e cloud and c l o u d f r e e regions, kLD and pcLR, r e s p e c t i v e l y . Note t h a t i n most cases AH^ and A pCLR w i l l be 1 ess than 10% o f t h e i r magnitudes, AMS can be w i t h i n 5%
~C L D can be deduced by d i r e c t measurement.
D i f f e r e n t i a t i n g (5) we have:
Equation ( 6 ) and (7) were evaluated s y s t e m a t i c a l l y using these t y p i c a l Using t h e values above we evaluated Equation ( 5 ) and (6) f o r uncertaint i e s o f 5%, 10% and 20% and Equation ( 7 ) 
RESULTS AND DISCUSSION OF UNCERTAINTY ANALYSES
Results o f t h e u n c e r t a i n t y a n a l y s i s f o r cloud amount (ACLD) shows t h a t as t h e cloud amount varies, t h e r e l a t i v e u n c e r t a i n t y i n cloud amount determination remains about 15 t o 20%. The absolute u n c e r t a i n t y thus remains i n t h e 0.05 t o 0.10 range f o r t o t a l cloud amounts l e s s than 0.50 and when measurements and assumptions have 5% u n c e r t a i n t y . For example, w i t h a l l u n c e r t a i n t y a t t h e 5% l e v e l :
Then A A~~~
Results o f the u n c e r t a i n t y a n a l y s i s f o r determining cloud t o p temperature showed t h a t w i t h measurement u n c e r t a i n t i e s o f 5% and ACLD assumed t o be f .05 then: 1 0.7 0.3 5' K 0.6 km*
As can be noted, we have t h e f o r t u n a t e s i t u a t i o n wherein t h e determination o f cloud h e i g h t i s most d i f f i c u l t f o r scenes o f low cloud amount b u t t h a t
t h e u n c e r t a i n t y i n o b t a i n i n g cloud amount i s minimized f o r these scenes.
Overall, t h e u n c e r t a i n t y a n a l y s
i s i n d i c a t e s t h a t u s e f u l data from t h e b i -s p e c t r a l technique i s h i g h l y probable. Thus a simultaneous t e s t
o f t h e method against ground observations was performed. (Simultaneously, sate1 1 i t e radiance measurements were t e s t e d f o r accuracy and s t a b i 1 i t y (see Appendix 1 ) .
RESULTS FROM THE BI-SPEC PROGRAM I n order t o t e s t t h e b i -s p e c t r a l program, i t was necessary t o choose an area t h a t corresponded t o a l o c a t i o n where cloud observations and upper a i r data were a v a i l a b l e . The f i r s t obvious l o c a t i o n was WSMR since i t took cloud observations during t h e time o f t h e s a t e l l i t e pass
and took frequent upper l e v e l soundings. Two o t h e r l o c a t i o n s which were u s u a l l y i n good view by t h e s a t e l l i t e were chosen, Denver, Colorado and Oklahoma City, Oklahoma. We a p p l i e d t h e b i -s p e c t r a l model f o r a 20 x Z0 * t o o b t a i n t h i s value i t w i l l be necessary t o r e f i n e our measurements f o r ACLD since we found t h a t ACLD could n o t be determined t o f .05 f o r cloud amounts greater than 0.5. For middle and higher type cloudiness t h e technique shows some discrepancies. Unfortunately, no estimate was made o f the t o t a l opaque cloud amount i n t h e surface observations made a t White Sands as was done f o r Denver and Oklahoma City. Since our assumption o f an e m i s s i v i t y o f .9 i s made o f a l l e m i t t i n g surfaces, we w i l l obviously determine too warm a cloud-top temperature f o r surfaces l e s s than t h i s . In some instances when very t h i n c i r r u s i s observed, t h e v i s i b l e channel measurements are o f f as well since i t views the underlying surface as w e l l as t h e cloud.
I n some instances, as seen on November 13, 1974, we completely miss the clouds. This problem w i l l appear i n t h e two other locations and w i l l be discussed i n f u r t h e r d e t a i l i n the next section. * i n thousands o f f e e t from s a t e l l i t e s . I n t h e Denver comparisons ( Figure 4 , Table 3 ), t h e r e were more cloudy cases, and t h e r e s u l t s seem q u i t e good f o r a l l b u t t h e t h i n c i r r u s cases. On March 13, 1974, t h e technique was a b l e t o d e t e rmine two l a y e r s o f cloud which were observed, whi 1 e on November 13, t h e s a t e l l i t e was a b l e t o determine t h e tops o f t h e clouds w h i l e t h e observer reported sky obscured a t 500 ft. Cases such as August 28 and 
d t o what t h e s a t e l l i t e sees than i s t h e t o t a l cloud
amount since t h e opaque cloud would have a higher o p t i c a l depth and would have been seen by t h e s a t e l l i t e . I t s e m i s s i v i t y would be c l o s e r t o 1 a l l o w i n g t h e proper temperature t o be measured. The s a t e l l i t e i s very c l o s e t o both amount and height, i n a l l b u t two instances, August 28 and October 23, when t h e opaque cloud amount i s g r e a t e r than .8.
I n t h e cases where t h e b i -s p e c t r a l program measures a higher cloud height, i t would obviously mean t h e s a t e l l i t e perceives t h e cloud-top w h i l e t h e observer sees cloud base. On t h e two cases mentioned above, t h e sate1 1 i t e determined c l o s e t o t h e amount observed b u t measured t o o h i g h a temperat u r e . This shows t h a t even w i t h an apparent opaque cloud, t h e e m i s s i v i t y may n o t be 1, thus a l l o w i n g t h e s a t e l l i t e t o measure too warm a temperat u r e and consequently t o o low a height. There does n o t appear t o be any c o r r e l a t i o n between e r r o r s i n h e i g h t and amount due t o l a r g e s a t e l l i t e viewing angles.
The t h i r d location chosen was Oklahoma City. As can be seen in Figure 5 and Table 4 , there was a high percentage of t h i n cirrus and large viewing angles by the s a t e l l i t e . The thin cirrus problem i s quite evident f o r the October 9 and November 13 cases. Here the observer reported 8/10 cloudiness for both days b u t only 0/10 and 1/10 total opaque cloudiness, respectively. Therefore, on these days the sate1 1 i t e was not able t o detect any cloudiness over OKC. In other instances, the s a t e l l i t e i s able t o determine multi-layered clouds when the observer was socked i n by low clouds, such as 3/13. On October 30, the s a t e l l i t e seemed t o be measuring the t o p of the thunderstorm over OKC while the observer could only see the base of the clouds. In most other cases where large errors occur, i t i s due to the assumption of a emissivity of .9, a1 though the clouds observed definitely had an emissivity of less than this. Again, there doesn't seem to be any real error induced by low viewing angles, most of the error i s due t o the emissivity and optical depth pro bl em. where :
SPECIAL APPROACH FOR THE CASE OF CIRRUS
E = emissivity
One method t o obtain (E) would be t o c o r r e l a t e the v i s i b l e b r i g h tness o f a cloud t o i t s emissivity. This technique has been t r i e d w i t h
varying success by Mosher (1 974) and Shenk and Curran (1973) . Measurements o f c i r r u s clouds i n f r a r e d e m i s s i v i t i e s (Kuhn and Weickman, 1969; Davis, 1971; Valovcin, 1968; Brown and Houghton, 1956; P l a t t , 1975; Hubert, 1975) and calculated by (Jacobowitz, 1970; Yamamoto e t al., 1970; Fleming, 1973, and Liou, 1974) It can be shown, (Fleming, 1973) -E Then using Equation ( 8 ) we can r e l a t e albedo t o E (see Figure 6 ) Fleming, 1973 ). 
. Using t h i s graph and t h e albedo measured by t h e s a t e l l i t e over c i r r u s i t would be p o s s i b l e t o o b t a i n an estimate o f t h e e m i s s i v i t y o f t h e cloud t o use i n Equation ( 2 ' ) . Two cases were s t u d i e d t o t e s t t h e r e l a t i o n s h i p between albedo and temperature as measured by t h e s a t e l l i t e . One case (Figure 7) was o f c i r r u s over t h e G u l f o f C a l i f o r n i a ; t h e o t h e r o f c i r r u s over t h e southern p a r t o f Arizona (Figure 8). Both show a f a i ? l y strong r e l a t i o n s h i p between Teff and aCLD, even though t h e c i r r u s over land shows a s h i f t t o higher albedoes due t o t h e c o n t r i b u t i o n o f t h e a1 bedo of t h e 'note t h a t w = .231N f o r c i r r s c r y s t a l s o f r a d i i equal t o 40pm where t h e number d e n s i t y i s i n cm-Y (see

a n d surface through t h e cloud. T h i s does p o i n t o u t t h a t two sets o f r e l a t i o n s h i p s must be developed t o account f o r t h e d i f f e r e n c e s o f land-
ocean r e f l e c t a n c e . Shenk and Curran (1973) have t e s t e d t h i s technique f o r s a t e l l i t e measurements o f c i r r u s over t h e North A t l a n t i c Ocean.
A f t e r t h e i r F i g u r e 3 ( F i g u r e 9) they developed a s e t o f curves by using Equation 2 ' assuming t o t a l cloud cover i n t h e f i e l d of view o f the sensor. They then developed a fami1.y o f curves f o r d i f f e r e n t cloud tops using 2 8 8 '~ as NCLR and using measured I R values TBB (ML). For t h e i r measurements they found t h a t f o r a cloud of a = 25%, TBB = 265OK, t h a t t h e E would equal .5. Using t h e work o f L i o u f o r a = 25% and 5 = 15O, an E = .3 would be determined.
Thus i t appears as though a r e l a t i o ns h i p should be developed f o r a s p e c i f i c s a t e l l i t e experiment. T h i s should be i n r e l a t i o n t o s p e c i a l cloud and ground t r u t h measurements d u r i n g t h e observation time o f t h e s a t e l l i t e .
A second method t h a t could be used, and w i l l be tested, has been developed by Bunting and Conover ( 1 974) using mu1 t i -s p e c t r a l radiance data from t h e VTPR experiment onboard t h e NOAA s a t e l l i t e s . * T h i s system uses a r a d i a t i v e t r a n s f e r model which t r i e s t o simulate t h e radiance t h a t should be seen by t h e s a t e l l i t e viewing a given cloud a t a c e r t a i n h e i g h t and e m i s s i v i t y . Model clouds were then found which 
comparison o f t h e i r channel 4 and 8 where t h e o v e r l a p denotes t h e l o c a t i o n o f t h e assumed cloud h e i g h t and t h e clouds e m i s s i v i t y .
*Other techniques using v e r t i c a l temperature sounding data have been developed by Chahine (1974) and Smith (1975) t o determine f r a c Figure 9 . Family of curves relating t r u e cloud t o p temperature (Tc) t o what would be measured by sate1 1 i t e f o r given emissivi t i e s (From Shenk and Curran, 1973) .
t o work q u i t e w e l l . With t h e use o f t h e SR data i n conjunction w i t h t h i s data, i t may be p o s s i b l e t o f i n e -t u n e t h e VTPR c a l c u l a t i o n
through use o f t h e higher r e s o l u t i o n SR data. Thus, t h i s technique would become a mu1 t i -s p e c t r a l r a t h e r than a b i -s p e c t r a l technique t o determine c l oud heights and amounts.
A t h i r d approach t o overcome t h e c i r r u s problem i s t o use a 6.7pm channel t o d i s c r i m i n a t e between c i r r u s and c l e a r c o n d i t i o n s i n t h e upper
troposphere (Shenk e t a1 . , 1974). However, t h i s method i s open t o some d i f f i c u l t y of i n t e r p r e t a t i o n when upper tropospheric water vapor cont e n t changes.
SUMMARY AND CONCLUSIONS
This paper has presented a technique t o determine cloud amount and
cloud h e i g h t using simultaneous v i s i b l e and i n f r a r e d data obtained from t h e NOAA sate1 1 i t e . Several assumptions are necessary i n t h e development of t h i s technique, b u t t h e u n c e r t i a n t y a n a l y s i s has shown t h a t w i t h proper ground-truth calibration,reasonable and u s e f u l r e s u l t s can be expected.
Cursory ground-truth comparisons have shown t h a t t h e I R channel appears t o g i v e reasonable r e s u l t s w h i l e comparisons w i t h t h e v i s i b l e channel appears t o contain factors t h a t have n o t been accounted f o r t o date. Due t o these f a c t o r s and t h e l a c k o f c l o u d -t r u t h data a t a r e s o l u t i o n o f t h e
NOAA s a t e l l i t e , we have n o t been able t o t e s t t h e accuracy o f t h e tech- 
Appendix 1 : Test o f Accuracy and R e p r o d u c i b i l i t y o f S a t e l l i t e Radiative Measurements
To check t h e accuracy o f t h e s a t e l l i t e measurements, i n f l i g h t c a l i b r a t i o n o f t h e v i s i b l e and i n f r a r e d sensor i s needed. One method i s t o have t h e sensor scan a surface t a r g e t o f known brightness and temperature and compare t h i s t o t h e d i g i t i z e d v i s i b l e and I R data received from t h e SR sensor o f t h e NOAA s a t e l l i t e s * . One such t a r g e t i s t h e White Sands National
Monument where t h e Atmospheric Sciences Laboratory a t White Sands M i s s i l e
Range has s e t up a ground t r u t h s i t e (Williamson, 1975) . A t t h i s s i t e measurements are made o f t h e surface r a d i a t i o n temperature i n t h e 10-1 lvm range w i t h a Barnes PRT-5, as w e l l as t h e incoming and outgoing r a d i a n t f l u x i n t h e .5 -.7 vm range using an Eppley Model 2 P r e c i s i o n Spectral
Pyranometer . Measurements a r e simul taneous w i t h t h e passage o f t h e NOAA sate1 1 i t e a1 lowing n e a r l y d i r e c t comparisons once viewing angle, sun angle, and water vapor a t t e n u a t i o n problems a r e taken i n t o account. Some p r e l i m i n a r y comparisons are shown i n Figs. 11 and 13. Fig. 11 i s a comparison of ground based measured r a d i a t i v e surface temperature and s a t e l l i t e measured surface temperature, Both raw data and data corrected f o r l i m b darkening and water vapor absorption a r e shown i n t h e f i g u r e . An I R r a d i a t i v e transfer model having 10 wavenumber r e s o l u t i o n i n c o r p o r a t i n g B i g n e l l ' s pressure broadened continuum developed by Cox (1975) was used f o r t h i s c a l c u l a t i o n . Table 1 shows t h e l o s s t h a t was c a l c u l a t e d due t o water vapor absorption (note p r e c e i p i t a b l e water) and 1 imb darkening. As t h e graph shows i n Fig. 12 , almost a l l p o i n t s a r e below t h e 1:1 l i n e showing t h e sate1 1 i t e was measuring a c o l d e r temperature then was measured a t t h e surface. The results show that in only a few instances do the measurements attain the 5% accuracy we feel is needed. Work done by Walraven and Coulson (1 972) have shown there is definitely a bi -directional ref1 ectance problem with the White Sands which will affect the measurements. Our bi-directional reflectance model is based on clouds which does not exactly represent the reflectance of the sand and will cause discrepancies in the two measurements. Cox (1975) has shown that over a bright surface the atmosphere would absorb reflected radiation causing a lower a1 bedo to be measured from the satellite. Many of the factors affecting the IR channels, The u n c e r t a i n t y a n a l y s i s has shown t h a t a t a 5% l e v e l of u n c e r t a i n t y i n t h e measured values we can assume reasonable values i n cloud amount and cloud t o p temperature. However, comparisons t o "ground t r u t h " data show we may n o t have t h i s accuracy i n t h e I R o r v i s i b l e channel. This can be accounted f o r since t h e e r r o r i n t h e I R seems t o be a systematic decrease as measured by t h e sate1 1 i t e . The v i s i b l e channel presents a somewhat more compl i c a t e d problem and r e q u i r e s f u r t h e r study. Thus, sidestepping t h i s problem f o r t h e moment, we have proceeded t o r u n t e s t cases t o a s c e r t a i n t h e accuracy o f t h i s technique i n Section 5. Therewe w i l l avoid using i n d i v i d u a l "spots" f o r v e r i f i c a t i o n b u t w i l l use an average I array. This w i l l somewhat e l i m i n a t e some o f t h e e r r o r s by smoothing t h e data.
